Introduction
This is, by necessity, a short contribution. Forward genetic analysis of any obligate parasitic species is extremely difficult. When one considers that most of the economically important parasitic nematode species are endoparasites, the task becomes nigh impossible. Nevertheless, there are several endoparasitic plant nematodes that lend themselves to classical genetic strategies, and these are their stories. Although the dataset is small, it offers an intriguing look into the genetic world of parasitic nematodes.
An understanding of the genetics of nematode-plant interaction is essential to development of novel management strategies. Unfortunately, the study of this interaction has been very one-sided, focusing primarily on the genetics of plant resistance and almost not at all on the genetics of nematode parasitism. The small size and obligately parasitic life habit of phytophagous nematodes have hindered genetic analysis of nematode parasitism. In addition, many of the most important sedentary endoparasitic forms exhibit modified reproductive strategies (e.g. mitotic or meiotic parthenogenesis in Meloidogyne spp.) that preclude classical genetic approaches to analysis. The cyst nematodes however, are primarily amphimictic and are amenable to genetic analyses.
Nematode-host interactions are complex and poorly understood. The relationship between cyst nematodes and their hosts appears to have co-evolved, and as a result there are numerous genes for host resistance that are complemented by nematode parasitism genes (Triantaphyllou, 1987 a range of nematode-host interactions. Because there may be numerous genes for resistance in a given host species, the interpretation of these interactions is complicated. A lack of knowledge regarding the functions of either resistance or parasitism genes further confuses this picture.
The genetic basis of the nematode-host interaction is poorly characterized. In the case of the potato cyst nematode (Globodera rostochiensis)-potato interaction, a gene-for-gene relationship appears to be in operation (Janssen et al., 1991) . In this system, nematode genes for parasitism are recessive. Potatoes carrying the dominant H1 gene are resistant to certain pathotypes of G. rostochiensis, but those nematodes carrying recessive parasitism genes can reproduce. Pure parasitic and non-parasitic lines of G. rostochiensis have been selected, and crosses using these lines have revealed that parasitism is inherited at a single locus in a recessive manner (Janssen et al., 1990 (Janssen et al., , 1991 . Results from reciprocal crosses suggested that there is no evidence for sex-linked inheritance of parasitism. The expected segregation patterns of 3 : 1 non-parasitic to parasitic combined with the dominant nature of the H1 resistance gene suggest that this interaction functions in a classical gene-for-gene type of mechanism (Janssen et al., 1991) .
Ten pathotypes of the cereal cyst nematode (Heterodera avenae) have been reported, based on the response of resistant barley cultivars (Andersen and Andersen, 1982) . Extensive variations in pathogenicity have been reported within these pathotypes, however, and it is clear that there is more genetic variation within this nematode species than is represented by the current schemes. The use of an alternative host plant, such as oat or wheat, further complicates the picture (Cook and York, 1982) . H. avenae populations from Europe and Australia exhibit extensive variation in their relative abilities to parasitize resistant cultivars, indicating the presence of multiple genes conferring parasitic ability on a given host genotype (Triantaphyllou, 1987) . Limited data from crossing experiments indicates that at least two dominant and one or more recessive genes are involved in H. avenae pathogenicity on cereal crops (Andersen, 1965; Person and Rivoal, 1979) .
The interaction of soybean cyst nematode (SCN) with soybean (Glycine max) has been extensively studied in the United States. This system has been used as a model to dissect the genetics of nematode parasitism, mainly due to the tractability of classical genetic manipulation of the nematode. The remainder of this brief review will focus on the SCN side of the interaction with its host and the progress that has been made in unravelling the complex genetic systems controlling parasitic behaviour.
Soybean Cyst Nematode Biology
The soybean cyst nematode, Heterodera glycines, exists throughout all major soybean-growing regions of the world (Riggs, 1977; Doupnik, 1993) .
Planting of resistant soybean cultivars is the most widely used method for limiting yield losses caused by this nematode. For example, it is estimated that the resistant cultivar 'Forrest' prevented crop losses worth US$405 million between 1975 and 1980 (Bradley and Duffy, 1982 . H. glycines populations are dynamic with respect to their ability to parasitize resistant cultivars; thus, resistance-breaking H. glycines genotypes may be selected over time in soybean-production fields, resulting in non-durable resistance (Young, 1994) .
H. glycines is an obligate cross-fertile species and a sedentary endoparasitic plant nematode. The life cycle consists of six stages: the egg, four juvenile stages and the sexually dimorphic adults. The second-stage juvenile (J2) is the infective form. After the J2 penetrates the root, it migrates to an area near the vascular cylinder, where it establishes a complex feeding site (Jones, 1981; Endo, 1992) . SCN males migrate out of the root for mating within 15-20 days after infection. The adult female nematode produces 200-400 eggs, which remain primarily in her swollen, hardened body, forming a cyst (Triantaphyllou and Hirschmann, 1962) . Each life cycle takes 25-30 days and there may be several generations per growing season. The nematode egg is able to survive in the cyst for a number of years under very harsh environmental conditions (Alston and Schmitt, 1988; Young, 1992) .
Previous studies have shown that SCN is a diploid nematode with nine chromosomes (Triantaphyllou and Hirschmann, 1962) . The genome size is approximatley 92.5 Mb, as determined by flow cytometry (Opperman and Bird, 1998) . Genome complexity is estimated to be approximately 82% unique sequence. In addition, a tetraploid form with 18 bivalents has been isolated (Triantaphyllou and Riggs, 1979) . The tetraploid carries approximately 1.5 times the amount of DNA per nucleus than the diploid (Goldstein and Triantaphyllou, 1979; Triantaphyllou and Riggs, 1979) . The juveniles and adults have significantly larger body size than those of the diploid form as well, which is typical of tetraploid forms (Triantaphyllou and Riggs, 1979) . Crosses between the diploid and tetraploid forms have yielded viable aneuploid (n = 14) hybrids (Goldstein and Triantaphyllou, 1979) .
Genetic Analysis of Parasitism
A parasite must reproduce to complete its life cycle successfully. In this sense, the ability of an H. glycines individual to parasitize a soybean plant is measured by reproduction. In general, resistant hosts do not permit the female nematode to develop to reproductive maturity. Parasitism is a qualitative trait that the individual nematode either does or does not possess. In addition, nematode populations may be described quantitatively by their level of reproduction on a given host plant. Field populations of H. glycines are mixtures of many genotypes, some of which may confer the ability to overcome host resistance genes, because selection pressure from growing resistant cultivars can alter the frequency of alleles in the population for reproducing in a resistant host.
Research on the genetic basis of parasitism in H. glycines is complicated. Results from population measurements are usually biased by genetic variability among and within H. glycines populations, and the frequency of a certain gene for parasitism (nematode genes necessary to overcome host resistance) may affect phenotypic designation of either parasitism or the levels of reproduction (Luedders, 1983; Opperman et al., 1995; Dong and Opperman, 1997) . Single pair mating and F1 hybrid host range tests of H. glycines populations suggested that the parasitism gene(s) in these populations of races 2 and 4 were partially dominant to the parasitism gene(s) in races 1 and 3 (Price et al., 1978) . Single cyst selection and inbreeding on a resistant host for many generations indicated that this nematode would tolerate concurrent selection and inbreeding (Dropkin and Halbrendt, 1986) . Secondary selection of these inbred lines on a different resistant host resulted in suppressed cyst development on the previous selection host, suggesting that alleles of parasitism genes exist for some hosts (Luedders and Dropkin, 1983; Luedders, 1985) . However, other studies demonstrated that continuous selection of H. glycines on a resistant soybean increased frequency of parasitism genes in that group, but the frequencies of parasitism genes in other groups were not affected, which suggested that the parasitism genes in the PI88788 and PI90763 groups are not allelic, but are independent loci (Triantaphyllou, 1975) . Reciprocal crosses between field populations indicated that the parasitism genes were not sex linked in the progeny (Triantaphyllou, 1975) .
In soybean, it is believed that both major and minor genes, dominant, partially dominant and recessive, are all involved to some degree in conferring resistance to H. glycines (Triantaphyllou, 1987) . However, it is not clear which genes are essential and which are specific to certain nematode genotypes, if any. Interpretation is further complicated by the previous use of H. glycines field populations to evaluate resistant soybeans. Recently, we developed pure lines of SCN that carry single genes for parasitic ability on soybeans, and used them to demonstrate that SCN contains unlinked dominant and recessive genes for parasitism of various host genotypes (Dong and Opperman, 1997) . A non-parasitic SCN line, which fails to reproduce on the resistant soybean lines PI88788 and PI90763, was used as the female and recurrent parent and was crossed to a parasitic line that does reproduce on these resistant hosts. The segregation ratio of the progeny lines developed by single female inoculation revealed that parasitism to these soybean lines is controlled by independent, single genes in the nematode. These loci were named ror, for reproduction on a resistant host (Dong and Opperman, 1997) . In the inbred lines, Ror-1(kr1) confers the ability to reproduce on PI88788 and is dominant. The recessive gene ror-2(kr2) controls reproduction on PI90763. A second recessive gene, ror-3(kr5) , controls the ability to parasitize 'Peking'. Although not verified, it is an intriguing possibility that some genes controlling parasitism may be acting additively. Examination of F 1 data from controlled crosses (Opperman, unpublished) reveals that the presence of two genes results in twice as many females being formed on PI88788 as when only one gene is present. This may explain varying levels of aggressiveness between different nematode populations on the same host genotype. It is particularly significant to note that these loci are entirely independent and do not appear to interact, i.e. no novel host ranges are detected when combinations of ror genes are present in a particular nematode line. In addition to alleles for parasitism of resistant soybeans, there are SCN lines that have been selected to reproduce on tomato. The genes controlling this host acquisition remain to be characterized, at either the genetic or molecular level.
The mating technique we developed was a practical necessity because individually inoculated infective nematodes do not always penetrate soybean roots (Dong and Opperman, 1997) . This, in turn, makes direct analysis of segregating F 2 populations highly variable and inaccurate. Crosses and backcrosses were conducted using bulked individuals from each inbred line as parents, and single female descent populations were developed for testing the major and independent gene numbers. Using this strategy, dominance or recessiveness did not affect the analysis of gene numbers. For example, non-parasitism can only arise from individually derived lines that were homozygous for the non-parasitism allele in the F 2 generation. Parasitism would always be detected from lines that descended from heterozygous F 2 females due to segregation and random mating during the amplification process. Possible linkage between the parasitism genes can also be detected among the progeny lines, although the amplification process on the susceptible host may cause linkage equilibrium within each line.
Using these types of crossing strategies, linkage maps have been developed from cyst nematodes. The SCN map has nine linkage groups which correspond to n = 9 of H. glycines. We have placed both parasitism (ror-2) and other genes (gcy-1) on distinct linkage groups on this map (Heer, Sosinski, Burgwynn and Opperman, unpublished observations). This map is significant because it contains the first mapped parasitism loci from a plant nematode. It is also a merged map, combining RAPD, AFLP, microsatellite and phenotypically mapped markers. A map from the potato cyst nematode (G. rostochiensis) has also been developed (van der Voort, 1999) . This map has nine linkage groups, which correspond to the nine chromosomes of G. rostochiensis (van der Voort et al., 1996) , and consists of AFLP markers.
Concluding Remarks
Although it seems like there should be more, the data presented herein is the result of years of painstaking work. This chapter has deliberately avoided discussing genomics projects or EST sequencing, mainly to illustrate how little is actually known about classical genetics of nematode parasitism. In the coming years, many of the questions about nematode parasitism will be answered, or at least addressed, by the considerable power of genomic analysis. Obviously, nematode parasitic ability is not a single-gene trait and much will be learned about pathways involved in many different parasite functions. Yet, one cannot help but long for the simple phenotype: does it infect or does it not? And what is the gene that controls that event?
